Abstract. Telomeres are transcribed into long non-coding RNA, referred to as telomeric repeat-containing RNA (TERRA), which plays important roles in maintaining telomere integrity and heterochromatin formation. TERRA has been well characterized in HeLa cells, a type of cervical cancer cell. However, TERRA abundance and stability have not been examined in other cervical cancer cells, at least to the best of our knowledge. Thus, in this study, we measured TERRA levels and stability, as well as telomere length in 6 cervical cancer cell lines, HeLa, SiHa, CaSki, HeLa S3, C-33A and SNU-17. We also examined the association between the TERRA level and its stability and telomere length. We found that the TERRA level was several fold greater in the SiHa, CaSki, HeLa S3, C-33A and SNU-17 cells, than in the HeLa cells. An RNA stability assay of actinomycin D-treated cells revealed that TERRA had a short half-life of ~4 h in HeLa cells, which was consistent with previous studies, but was more stable with a longer half-life (>8 h) in the other 5 cell lines. Telomere length varied from 4 to 9 kb in the cells and did not correlate significantly with the TERRA level. On the whole, our data indicate that TERRA abundance and stability vary between different types of cervical cancer cells. TERRA degrades rapidly in HeLa cells, but is maintained stably in other cervical cancer cells that accumulate higher levels of TERRA. TERRA abundance is associated with the stability of RNA in cervical cancer cells, but is unlikely associated with telomere length.
Introduction
Telomeres protect chromosomal ends from replicative attrition (1, 2) . The maintenance of telomere length and structure is critical to preserving telomere integrity. The majority of human cancer cells maintain telomere length via the activation of telomerase, which allows unlimited cell growth (3) . Telomerase reverse transcriptase (TERT) is a rate-limiting component of telomerase that is expressed only in telomerase-positive cells (4, 5) . Telomere DNA, tandem (TTAGGG)n repeats, is tightly associated with specialized telomeric protein complexes, termed shelterin (6) .
Telomeres are transcribed from the subtelomere toward the telomere into heterogeneous long non-coding RNA, which are referred to as telomeric repeat-containing RNA or TERRA (7, 8) . TERRA is found in most eukaryotes (9) (10) (11) , and its transcription is carried out primarily by RNA polymerase II (RNAPII) in humans and yeasts (8, 9, 11, 12) . As with other RNAPII-mediated transcription, transcriptional activity is repressed by telomere heterochromatin regulation (12, 13) . Human TERRA has a short half-life and a cap structure at its 5'-end, and a small fraction of TERRA is polyadenylated at its 3'-end; polyadenylation is known to increase TERRA stability (14) . TERRA accumulates in highly proliferating cancer cells, and elevated TERRA levels are found in various types of human cancer (15) . However, whether elevated TERRA levels result from changes in transcriptional activity or increased stability of the RNA remains poorly understood.
TERRA is involved in various processes, such as telomere protection, telomere replication and the epigenetic state of telomere chromatin (16) . However, the effects of telomere length on TERRA transcription remain controversial. A correlation between TERRA upregulation and short telomeres has been found in patients with immunodeficiency, centromeric instability and facial anomalies syndrome (17) . The induction of TERRA transcription at a specific chromosome leads to telomere shortening of that chromosome (18) . TERRA mimicking RNA oligonucleotide acts as a telomerase inhibitor (19) . Moreover, cancer cells exhibit decreased TERRA levels upon telomere elongation mediated by telomerase overexpression (13) . Taken together, the data from these studies suggest that telomere length is related to TERRA expression in a negative manner. By contrast, telomere overelongation does not cause marked differences in TERRA abundance in Saccharomyces cerevisiae (20) , which has also been observed in primary human lung fibroblasts and HeLa cells (21) . Moreover, a lack of correlation between these two parameters has been reported in human cell lines (22) . Thus, further studies are warranted to explore the functional effects of telomere length on TERRA expression.
Variable TERRA abundance and stability in cervical cancer cells BONG-KYEONG OH  1 , PONNARATH KEO  1 , JAEMAN BAE  1,2 , JUNG HWA KO  3 and JOONG SUB CHOI TERRA is well characterized in HeLa, a cervical cancer cell line, as a model cell line (14) . However, TERRA stability and abundance have not been examined in other cervical cancer cells, at least to the best of our knowledge. Thus, in this study, we measured TERRA level and stability, as well as telomere length in 6 human cervical cancer cells and examined whether TERRA abundance is related to stability and telomere length. We found that TERRA was more stable in cells with high levels of TERRA, but that telomere length is unlikely to be associated with TERRA expression in cervical cancer cells.
Materials and methods
Cell culture. The cells were grown in Dulbecco's modified Eagle's medium or RPMI-1640 supplemented with 10% fetal bovine serum (both from Wellgene, Seoul, Korea), 100 µg/ml of streptomycin, and 100 U/ml of penicillin (Gibco, Carlsbad, CA, USA). The SiHa, CaSki, HeLa, HeLa S3 and SNU-17 cells were purchased from the Korean Cell Line Bank (KCLB, Seoul, Korea), and C-33A was generously provided by the Yonsei Cancer Center, Seoul, Korea.
Slot-blot analysis of TERRA. Total RNA was isolated from the cells using TRIzol ® reagent (Invitrogen, Carlsbad, CA, USA) or Tri-RNA (Favorgen, Koahsiung, Taiwan) according to the manufacturer's instructions. Total RNA was diluted to 0.02 µg/µl, and 20, 100 or 200 µl of the RNA dilution was immobilized onto a nylon membrane (Hybond™ N+; Amersham Biosciences, Piscataway, NJ, USA) for the detection of TERRA. Similarly, 10, 50 or 100 µl of RNA dilution at a concentration of 0.004 µg/µl was loaded for the detection of 18S rRNA. After UV cross-linking (Stratagene, La Jolla, CA, USA), the filters were hybridized with either a 3'-end DIG-labeled oligonucleotide d(CCCTAA) 4 or a DIG-randomlabeled 18S rDNA probe overnight at 45˚C, and detection was performed using a detection starter kit (Roche, Mannheim, Germany). The blot hybridized with DIG-d(CCCTAA) 4 was erased in 50% formamide, 5% sodium dodecyl sulfate and 50 mM Tris-HCl, pH 7.4 at 60˚C, for 60 min twice, and reprobed with DIG-d(TTAGGG) 4 . DIG-labeled d(CCCTAA) 4 and d(TTAGGG) 4 , and DIG-random-labeled 18S rDNA probes were generated using terminal transferase and DIG-High Prime (both from Roche), respectively. For the TERRA stability assay, total RNA was isolated from the cells treated with actinomycin D (Act D; Sigma, St. Louis, MO, USA) at 5 µg/ml for the times indicated in the figures, and slot blotting was performed as described above.
Reverse transcription-quantitative-polymerase chain reaction (RT-qPCR). cDNA was generated using M-MLV reverse transcriptase (Invitrogen). cDNA synthesis was performed with 1.0 µg of total RNA in a total volume of 20 µl according to the manufacturer's instructions (Invitrogen). The reaction was incubated at 37˚C for 50 min and then terminated at 70˚C for 15 min for specific primers or at 25˚C for 10 min, 37˚C for 50 min, and 70˚C for 15 min for random primers (Takara, Kyoto, Japan). The primers used for reverse transcription are as follows: 5'-AGTCCGCCTAGAAGCATTTG-3' for β-actin (14) , and 5'-CCCTAACCCTAACCCTAACCCTAACCCTAA-3' for TERRA (14) . PCR reactions were performed in 10 µl containing 1X SYBR ® -Green PCR master mix (Roche), 0.2 µM of each forward and reverse primer (Table I) 
Southern blot analysis of the terminal restriction fragment.
Genomic DNA was isolated using standard phenol-chloroform extraction following proteinase K (Invitrogen) treatment, and digested with HinfI overnight at 37˚C. HinfI-digested DNA (5 µg) was fractionated on an 0.8% agarose gel and transferred onto a nylon membrane using the upward capillary method. Hybridization was performed with a 3'-end DIG-labeled d(TTAGGG) 4 (Roche) probe at 45˚C overnight. The membrane was washed and hybridization was detected as recommended by the manufacturer (Roche). Telomere length TERRA, telomeric repeat-containing RNA; TRF1, telomere repeat-binding factor 1; F, forward; R, reverse.
was measured as the highest peak of the signal intensity using Image Lab software (Bio-Rad, Hercules, CA, USA).
Statistical analysis. Statistical analysis was assessed using a Student's t-test and Spearman's correlation as deemed appropriate. The level of statistical significance was set at P<0.05.
Results and Discussion
Variable TERRA levels in cervical cancer cells. Slot-blot analysis was performed to monitor the TERRA levels in the 6 cervical cancer cells, HeLa, SiHa, CaSki, HeLa S3 (a clonal derivative of the parent HeLa line), C-33A and SNU-17. Total RNA was blotted onto a membrane and hybridization was followed with a strand-specific TERRA probe, d(CCCTAA) 4 -DIG (Fig. 1A) .
Hybridization with the d(CCCTAA) 4 -DIG probes was quantified as a ratio relative to the level measured in HeLa cells following normalization by 18S rRNA (Fig. 1B) . The hybridization signal was approximately 2-to 4-fold greater in the SiHa, CaSki, HeLa S3, C-33A and SNU-17 cells than in the HeLa cells ( Fig. 1A and 1B) . The blot used for TERRA detection was stripped and reprobed with a DIG-labeled d(TTAGGG) 4 probe identical to the TERRA repeat sequences, and this hybridization resulted in weak signals (Fig. 1A) . This indicated that RNAs with UUAGGG repeats, which are considered to be TERRA, are abundant in cervical cancer cells, whereas CCCUAA-containing RNA molecules exist at very low levels. Slot blotting is a tool which is used to monitor the UUAGGG repeat content rather than the number of TERRA molecules (23). Thus, the TERRA level was also assessed in subtelomeres using chromosome-specific RT-qPCR with primers matching the different chromosome arms (Fig. 1C and Table I ). Note that the primer pairs used in this study amplify DNA fragments from more than one subtelomere due to the repetitive nature of subtelomeric DNA (7, 13, (24) (25) (26) (27) . TERRA for almost all subtelomeres tested in this study was more abundant in 5 of the cell lines compared with the HeLa cells (Fig. 1C) . TERRA transcription at specific chromosome ends appeared to behave differently from that in the independent chromosome ends in some cells. For example, 16p TERRA was detected at a high level in the SiHa, C-33A and SNU-17 cells, and 15q TERRA was detected at a low level in the CaSki and C-33A cells. Overall, the results of RT-qPCR were consistent with those of slot blotting.
TERRA stability in cervical cancer cells. We wondered whether the variable TERRA levels in cervical cancer cells reflect different degrees of RNA stability. To assess this possibility, we measured the TERRA half-life by treating the cells with Act D to block transcription. RT-qPCR was used to monitor TERRA levels derived from chromosomes 10q and 17q over time (Fig. 2 , left panels). The cell lines tested in this study were viable under these conditions. PinX1, which encodes a telomere-binding protein (6), β-actin and U1 small nuclear RNA (snRNA) were included in the analysis (Fig. 2) . Act D treatment reduced the PinX1 mRNA levels in all cells to a half-life of 2-3 h in the SiHa, HeLa S3 and C-33A cells, and 4-5 h in the HeLa, CaSki and SNU-17 cells (Fig. 2 , middle panels and Table II ). These results confirmed that Act D inhibited RNAPII function effectively. The β-actin transcript was stable in the SiHa, CaSki, C-33A and SNU-17 cells with a half-life of >8 h; the half-life was shorter in the HeLa and HeLa S3 cells, approximately 5 h (Fig. 2 , middle panels and Table II ). U1 snRNA is transcribed by RNAPII and is known to be stable and abundant in human cells (28, 29) . This RNA was stably maintained in all cells tested with a half-life of >8 h (Fig. 2 , right panels and Table II ). U1 snRNA expression was slightly increased at later time points in almost all cell lines; in particular, a gradual increase was observed in the SiHa cells (Fig. 2, right panels) . β-actin and U1 snRNA were initially included as internal controls; however, the level of these gene transcripts changed upon Act D treatment in some cells. Therefore, the RNA levels in the Act D-treated cells were quantified as a relative value against that of the untreated cells without normalization (Fig. 2) .
Our RT-qPCR experiments revealed that the levels of TERRA derived from 10q and 17q decreased upon Act D treatment in HeLa cells (Fig. 2, left panels) . The half-life of TERRA was approximately 4 h in the HeLa cells (Fig. 2 and Table II) , which is similar to the approximate 3 h value measured using Act D in a northern blot analysis procedure reported previously (14) . Unlike the HeLa cells, the other 5 cell lines did not exhibit a decrease in TERRA levels upon Act D treatment (Fig. 2, left panels) . The half-life of TERRA was maintained at >8 h in the SiHa, CaSki and SNU-17 cells. Similar to the results of RT-qPCR, slot blotting of the total RNA assessed over time with a TERRA-specific probe revealed that TERRA was degraded more rapidly in the HeLa cells than in the SiHa, CaSki and SNU-17 cells (Fig. 3) . It has been reported that a small fraction of TERRA contains a poly(A) tail at the 3'-end in HeLa (14) . This may explain why TERRA has a short half-life in these cells. Although highly speculative, the other cervical cancer cells may maintain poly(A)+ TERRA as the predominant form. However, we cannot exclude the possibility that TERRA is transcribed by other RNA polymerases; for instance, RNAPI-or III-mediated TERRA transcription was less sensitive under our experimental condition in the cells, which may have allowed the persistent synthesis of TERRA.
Our RT-qPCR experiments revealed a gradual increase in TERRA levels, particularly 10q in HeLa S3 and 10q and 17q in C-33A cells, upon Act D treatment' (Fig. 2, left panels) . We wondered whether this phenomenon would be detected by slot blotting. The results of slot blotting revealed that the UUAGGG signals increased in these cells upon Act D treatment (Fig. 3) , indicating that the induced RNA detected by RT-qPCR was derived from telomeric RNA. The mechanism responsible for the increased TERRA accumulation in the presence of Act D remains unknown. TERRA may be released from RNA degradation cycles in these particular cells. It would be interesting to test whether newly synthesized RNA accounts for the increased TERRA. Collectively, these finding suggest that TERRA was less abundant and was degraded more rapidly in the HeLa cells, but was abundant and stable in the other 5 cell lines.
Telomere length and expression of telomere genes in cervical cancer cells. Telomere length was measured using Southern blot analysis of terminal restriction fragment lengths. The average telomere length was determined as the highest peak of the signal intensity. The telomeres were significantly longer in the SiHa and HeLa S3 cells than in the other 4 cell lines (Fig. 4A and Table II) . To determine whether telomere length is related to TERRA expression in cervical cells, the TERRA levels measured by RT-qPCR were plotted against telomere length. Telomere length did not correlate significantly with the TERRA level (Fig. 4B, P=0 .645). If anything, there was a tendency for cells with long telomeres to express higher levels of TERRA, and this was somewhat consistent with Table II . Summary of the half-life of TERRA, PinX1, β-actin and U1 snRNA, and telomere length in cervical cancer cells. the results reported previously (30) . This tendency was more evident after excluding from the analysis TERRA expression at 16p, which was particularly high compared with the expression at other chromosome ends (P=0.015) (Fig. 4B, graph on  the right) . Nonetheless, the number of cell lines tested in this study may be insufficient to reveal an association. Collectively, there was a lack of correlation between telomere length and TERRA transcription in the cervical cancer cells. The functional interaction between these two parameters may depend on the cell type, as noted previously (21) . Each sample was analyzed in duplicate. Hybridization was performed with a DIG-labeled d(CCCTAA) 4 probe for TERRA and a DIG-random-primed 18S rDNA probe for 18S rRNA as an internal control. Two or three independent experiments were performed. TERRA levels normalized to 18S rRNA were quantified as a ratio relative to 0 h (graphs on the right).
The shelterin proteins, telomere repeat-binding factor 1 (TRF1) and TRF2, are important for recruiting other shelterin proteins to telomeres and negatively regulate telomere length (6) . PinX1, a TRF1-interacting protein, inhibits telomerase activity and regulates telomere length in a negative manner (31) . TERT, a catalytic component of telomerase, acts as a positive regulator of telomere length (32) . It has recently been reported that TRF1 and TRF2 associate functionally with TERRA transcription; for instance, the depletion of TRF1 or TRF2 leads to the accumulation of TERRA (33) . In this study, we measured the mRNA levels of TERT, PinX1, TRF1 and TRF2 (Fig. 5A) , and we examined whether these are related to telomere length and TERRA level. The mRNA levels of none of these genes correlated significantly with telomere length or TERRA level in cervical cancer cells (Fig. 5B and 5C ).
In conclusion, TERRA abundance and stability vary between types of cervical cancer cells. TERRA is degraded rapidly in HeLa cells, but is maintained stably in other cervical cancer cell lines. TERRA abundance is associated with the stability of the RNA in cervical cancer cells; however, there was a lack of correlation between the TERRA level and telomere length. Additional studies are warranted to explore the mechanisms that regulate TERRA steady-state levels.
